During axial skeleton development, the notochord is essential for the induction of the sclerotome and for the subsequent differentiation of cartilage forming the vertebral bodies and intervertebral discs. These functions are mainly mediated by the diffusible signaling molecule Sonic hedgehog. The products of the paired-box-containing Pax1 and the mesenchyme forkhead-1 (Mfh1) genes are expressed in the developing sclerotome and are essential for the normal development of the vertebral column. Here, we demonstrate that Mfh1 like Pax1 expression is dependent on Sonic hedgehog signals from the notochord, and Mfh1 and Pax1 act synergistically to generate the vertebral column. In Mfh1/Pax1 double mutants, dorsomedial structures of the vertebrae are missing, resulting in extreme spina bifida accompanied by subcutaneous myelomeningocoele, and the vertebral bodies and intervertebral discs are missing. The morphological defects in Mfh1/Pax1 double mutants strongly correlate with the reduction of the mitotic rate of sclerotome cells. Thus, both the Mfh1 and the Pax1 gene products cooperate to mediate Sonic hedgehog-dependent proliferation of sclerotome cells.
INTRODUCTION
The vertebral column is composed of alternating vertebrae and intervertebral discs that are metamerically arranged along the anterior-posterior body axis. Each vertebra is subdivided into several distinct domains along the dorsoventral axis. The ventral region is composed of vertebral bodies and the underlying intervertebral discs. Dorsally, the neural arches, which are subdivided into ventral pedicles and dorsal laminae, enclose the spinal cord. In the thoracic region, ribs are associated with vertebrae. All these structures are derived from the somitic mesoderm as a consequence of interactions between the paraxial mesoderm and surrounding tissues (Christ and Ordahl, 1995) .
After the segmentation of the paraxial mesoderm, epithelial somites differentiate into the ventral mesenchymal sclerotome and the dorsal epithelial dermomyotome. Sonic hedgehog (SHH) signals emanating from the notochord and the ventral neural tube are essential for sclerotome differentiation and the subsequent formation of the vertebral column (Fan et al., 1994; Chiang et al., 1996; Teillet et al., 1998) . In shh-deficient mice, axial skeleton development is severely impaired due to the extensive degeneration of sclerotome cells (Chiang et al., 1996) . Culture of the somitic mesoderm and microsurgical approaches in avian embryos revealed that SHH is essential not only for the establishment of the dorsoventral axis of the somitic mesoderm but also for cell proliferation and for the prevention of cell death (Fan et al., 1994; Teillet et al., 1998) . The pleiotropic biological effects of SHH are thought to be mediated by a series of transcriptional regulators, including members of the Pax and MyoD gene families, that are expressed in the paraxial mesoderm (Dahl et al., 1997; Mü nsterberg et al., 1995) .
PAX1 is a paired-box-containing transcriptional activator, whose expression in the sclerotome depends on SHH emanating from the notochord or the floor plate of the neural tube Fan et al., 1994; Dietrich et al., 1997) . Phenotypic analysis of an allelic series of Pax1 mutations revealed that sclerotomal Pax1 expression is essential for the appropriate generation of vertebral bodies and intervertebral discs by allowing sclerotome cells to accumulate around the notochord (Grü neberg, 1954; Wallin et al., 1994; Dietrich et al., 1995; Wilm et al., 1998) . Thus, Pax1 is one of the mediators of notochordal signals required to generate ventral structures of vertebral column from mesenchymal sclerotome cells (Koseki et al., 1993; Dietrich and Gruss, 1993) .
Mesenchymal forkhead-1 (MFH1), a member of the winged helix/forkhead family of proteins, is also expressed in the developing sclerotome and is required for normal development of the axial skeleton (Miura et al., 1993; Kaestner et al., 1996; Winnier et al., 1997; Iida et al., 1997) . In Mfh1-deficient mice, defects of the vertebral bodies and neural arches resulting in spina bifida occulta are observed in addition to impaired aortic arch formation. The similar phenotypes in the ventral moiety of Mfh1-and Pax1-deficient mice suggest that Mfh1 and Pax1 have common functions during sclerotome development.
In this study, we investigate the importance of notochordal signals for Mfh1 expression as well as the genetic interaction between Mfh1 and Pax1. Mfh1 expression was significantly reduced in Danforth's short-tail (Sd) mutant embryos whose notochords degenerate (Grü neberg, 1953; Koseki et al., 1993; Dietrich and Gruss, 1993; Maatman et al., 1997) , and ectopic grafts of a notochord or of SHHexpressing cells induced Mfh1 expression, indicating that signals from the notochord are necessary and sufficient to maintain Mfh1 expression in the somitic mesoderm. The observation that the expression of Mfh1 and Pax1 depends on notochordal signals prompted us to investigate the skeletal phenotypes of mice lacking both Mfh1 and Pax1 to uncover potential overlapping functions of both gene products during vertebral column development. Embryos double mutant for Mfh1 and Pax1 showed extreme spina bifida associated with subcutaneous myelomeningocoele and completely lacked vertebral bodies and intervertebral discs, due to a synergistic reduction of the mitotic activity of sclerotome cells. Our results demonstrate that the Mfh1 and Pax1 gene products cooperate to maintain the SHHdependent proliferation of sclerotome cells, but both genes are dispensable for the formation of sclerotome and its survival.
MATERIALS AND METHODS

Mice
Mice lacking a functional Pax1 gene were generated by homologous recombination using J7 ES cells, such that the Escherichia coli ␤-galactosidase gene was introduced into the XhoI site within the paired-box-encoding exon, resulting in the premature termination of the Pax1 gene product (K. Imai, E. Dahl, T. Akasaka, H. Koseki, and R. Balling, unpublished results). The skeletal phenotypes of this allele, designated Pax1 lacZ , resembled those of the Pax1 un-ex and Pax1 null alleles Wilm et al., 1998) . Heterozygous mutants were backcrossed onto C57Bl/6 three to four generations and homozygotes were generated by matings between heterozygous mutants. Mfh1 mutants (Iida et al., 1997) were backcrossed onto the C57Bl/6 background several times. Pax1/ Mfh1 double heterozygotes were generated by crossing 
FIG. 2.
Mfh1 expression in day 10.5 wild-type and Sd homozygous embryos and after notochord graft and ectopic SHH expression. Lateral views (A, B, E, F) and transverse frozen (C, D, G, H) sections of wild-type (A, B, C, D) and Sd homozygous (E, F, G, H) embryos after whole-mount in situ hybridization. Mfh1 expression in the prospective sacrocaudal region of the somitic mesoderm was significantly affected in Sd homozygotes, whereas expression in the more cranial region was unaffected (E), consistent with the impaired notochord formation in the caudal body region of Sd homozygotes (Koseki et al., 1993) bryos were derived from matings between double heterozygotes and genotyped using the following oligonucleotides: for detection of the Pax1 wild-type allele, Pax1 common (5Ј-GTAGGCAACT-GCGGGTCTCTC-3Ј) and Pax1 wild (5Ј-CGGATCTCCCAGGC-AAAGA-3Ј); for detection of the mutant Pax1 allele, Pax1 common and Pax1 KO (5Ј-GCGAAAGGGGGATGTGCT-3Ј). Oligonucleotides used to genotype Mfh1 mutants were previously described (Iida et al., 1997) . Double mutants were genotyped by PCR analysis of tail, kidney, or yolk sac DNA.
The Sd mice used to collect embryos were kept on a mixed genetic background with the wild-type allele of Sd derived from CAST/Ei. Day (d) 10.5 postcoitus (pc) embryos from Sd/ϩ (CAST/ Ei) ϫ Sd/ϩ (CAST/Ei) matings were collected in RNase-free phosphate-buffered saline (PBS). Embryos were typed for Sd by analyzing yolk sac DNA with two MIT markers flanking Sd: D2Mit362 (about 0.15 cM proximal to Sd) and D2Mit416 (about 0.6 cM distal to Sd) as described (Maatman et al., 1997) .
Grafting Experiments
Fertilized eggs of the White Leghorn chick were purchased from local farms and were incubated at 38°C for about 2.5 days to reach the 18-to 25-somite stages (stages 14 -18; Hamburger and Hamilton, 1951) . Surgical manipulations were performed as described previously (Aoyama and Asamoto, 1988) .
A 2.5-kb fragment encoding the full-length mouse shh cDNA (kindly provided by Dr. A. McMahon) was subcloned into the RCASBP(A) vector (Echelard et al., 1993; Hughs et al., 1987) . Retroviral vector DNA was introduced into chicken embryonic fibroblasts by calcium phosphate precipitation. Retroviral particles secreted into the culture medium supplemented with 0.5% fetal calf serum were concentrated more than 20 times by ultracentrifugation. QT6 cells were infected by retrovirus overnight and pellets of infected QT6 were transplanted into chick embryos resistant to viral infection.
Chicken Mfh1 riboprobes were generated from a 1.9-kb fulllength cDNA (H.K., unpublished results). The GenBank accession number of chicken Mfh1 is U95823.
Skeletal Analysis
Skeletal preparations were made from perinatal mice and cleared skeletons were analyzed stereomicroscopically as previously described (Kessel and Gruss, 1991) .
Histology and in Situ Hybridization
Mice were mated overnight and females examined for a vaginal plug in the following morning. Noon of the day of evidence of a vaginal plug was considered 0.5 dpc. Embryos were fixed in either Bouin's solution or phosphate-buffered 4% paraformaldehyde. Following fixation, specimens were rinsed with H 2 O to remove excess picric acid or phosphate-buffered saline to remove paraformaldehyde, dehydrated through increasing concentrations of ethanol, equilibrated in xylene, impregnated with paraffin wax, embedded, and sectioned at 7 m. Sections were stained with hematoxylin and eosin. In situ hybridization on tissue sections and whole-mount in situ hybridization were performed as described by Kessel and Gruss (1991) and Wilkinson (1992) , respectively, with minor modifications. The probes used were to Pax1 (Deutsch et al., 1988) , Mfh1 (Miura et al., 1993) , Mf1 (Sasaki and Hogan, 1993) , myogenin (Wright et al., 1989) , Pax3 , and Pax9 (Neubü ser et al., 1995) .
Immunohistochemistry
Monoclonal anti-mouse MFH1 antibodies were obtained from hybridomas generated by fusion of the P3U1 myeloma cells and spleen cells prepared from a Wistar rat immunized with recombinant GST/mouse MFH1 (amino acid 290 -494) fusion protein (Y. Fu, X-L. Yang, and N. Miura, unpublished result). Since the antibodies are directed against a region of the MFH1 protein outside the forkhead domain which is not conserved between MFH1 and MF1, this monoclonal antibody is considered to be specific for MFH1. The generation and purification of anti-PAX1 antibodies was performed as described previously Wallin et al., 1994) . Embryos were embedded in OCT compound immediately after dissection and sectioned on a cryostat. Sections were fixed in ice-cold acetone for 20 min and washed in 10% goat serum in PBS for 1 h. Tissue sections were incubated overnight at 4°C with rat monoclonal anti-mouse MFH1 and rabbit anti-PAX1 antibodies, washed in PBS/10% goat serum as above, incubated with a fluorescein-conjugated goat anti-rat immunoglobulin and a rhodamine-conjugated anti-rabbit immunoglobulin for 1 h at room temperature, washed, mounted in 75% glycerol/ 25% PBS, and observed under a Zeiss LSM 410 invert confocal laser scan microscope.
Detection of Apoptosis
Day 11.5 pc embryos were dissected, fixed for 6 h in 4% paraformaldehyde in PBS, and embedded in paraffin wax. Sections were cut at 7 m and placed onto 3-aminopropryltriethoxysilanecoated slides. The in situ TdT-mediated dUTP-fluorescein-labeled nick end labeling (TUNEL) was performed using the cell death detection kit (Boehringer Mannheim) with the TUNEL reaction mixture being diluted threefold with 30 mM Tris (pH 7.2), 140 mM cacodylic acid, and 1 mM cobalt chloride.
Cell Proliferation
Fifty micrograms of bromodeoxyuridine (BrdU; Sigma) per gram of body weight was injected intraperitoneally into pregnant mice 1.5 h before embryo collection. Embryos were fixed in 4% paraformaldehyde for 4 h and embedded in paraffin wax, sectioned at 7 m thickness, dewaxed, and rehydrated and BrdU incorporation was detected with anti-BrdU antibodies (clone B44; Becton-Dickinson) as described previously . To determine the rate of cell proliferation in the sclerotome, photomicrographs were taken at 20ϫ magnification, and labeled and unlabeled cells in four adjacent sections from four independent wild-type and mutant embryos were counted. The overall percentage of labeled nuclei was determined and statistically analyzed by Student's t test. Results were considered significant at a P value Ͻ 0.05.
RESULTS
Notochord-Dependent Expression of Mfh1 and Pax1 in the Paraxial Mesoderm
The expression of Mfh1 and Pax1 in developing somitic mesoderm was comparatively investigated in 9.5, 10.5, and 11.5-dpc embryos. In 9.5-dpc embryos, Mfh1 expression first appeared in the caudal region of the unsegmented paraxial mesoderm and was seen ubiquitously within the somitic mesoderm before the deepithelialization of epithelial somites (Figs. 1A, 1D , and 2C). Immediately after the deepithelialization of the somite, Mfh1 expression was restricted to the sclerotome (Figs. 1E and 2D ). Initial Pax1 expression in the somitic mesoderm was seen in the first or second newly segmented somite, indicating that Pax1 is expressed later than Mfh1 in the paraxial mesoderm (Figs. 1H and 1K; Koseki et al., 1993) . Pax1 expression in the sclerotome was restricted to the ventral region (Fig. 1L) . In 10.5-and 11.5-dpc embryos, Mfh1 and Pax1 expression was seen in the sclerotome along the entire axis (Figs. 1B, 1C, 1I , and 1J). Mfh1 expression was seen in the dorsal and posterior region of the sclerotome demarcating the neural arch anlagen (Figs. 1B and 1C) . Expression of Mfh1 in the neural arch anlagen was confirmed by in situ hybridization of transverse sections (Figs. 1F and 1G ). Pax1 expression was found in the ventral and posterior, but not in the dorsal, region of the sclerotome (Figs. 1I, 1J, 1M, and 1N ). MFH1 protein in 11.5-dpc embryos as monitored immunohistochemically with the anti-MFH1 monoclonal antibody was localized in the developing sclerotome and mesenchymal tissues around the aorta, consistent with the results of the in situ hybridizations (Fig. 1O) . Simultaneous detection of MFH1 and PAX1 by confocal laser microscopy demonstrated that the proteins are coexpressed in sclerotome cells in the ventrolateral region (Figs. 1P, 1Q, and 1R) .
Since the expression of Pax1 in the sclerotome depends on notochordal signals mainly mediated by SHH (Koseki et al., 1993; Dietrich et al., 1993; Fan and Tessier-Levigne, 1994) , we investigated the requirement of the notochord for Mfh1 expression. The expression of Mfh1 was examined in Danforth's short-tail mutant embryos, which in the posterior region have no or a severely reduced notochord (Figs. 2C and 2G; Grü neberg, 1953; Koseki et al., 1993; al., 1993). As a consequence of the poorly developed notochord, the paraxial mesoderm was fused across the midline (Figs. 2C, 2D , 2G, and 2H). Expression of Mfh1 in the unsegmented paraxial mesoderm was not significantly affected although ectopic expression of Mfh1 was seen in the most ventral mesenchymal cells and in the abnormally developed hindgut (Figs. 2A, 2B , 2C, 2E, 2F, and 2G). However, the strong expression of Mfh1 in the segmented somitic mesoderm of wild-type embryo was markedly reduced in Sd homozygotes (Figs. 2D and 2H) .
The dependence of Mfh1 expression on the notochord was further investigated by grafting experiments. A surgically isolated piece of a chicken notochord was transplanted immediately beneath the surface ectoderm between the neural tube and the unsegmented paraxial mesoderm of stage 14 -18 chicken embryos as shown in Fig. 2I . The notochord graft induced ectopic expression of chicken Mfh1 in the paraxial mesoderm (Fig. 2J) , consistent with the requirement of the notochord for Mfh1 expression seen in Sd mutant embryos. Similarly, a cell pellet secreting SHH grafted to the dorsal presomitic mesoderm induced ectopic expression of chicken Mfh1 (Fig. 2K) . These results indicated that SHH signals from the notochord are necessary and sufficient to maintain the sclerotomal expression of Mfh1.
Axial Skeleton Defects in Mfh1/Pax1 Double Mutants
The MFH1 and PAX1 gene products are coexpressed in part of the developing sclerotome and required for the normal development of the vertebral column. To analyze whether MFH1 and PAX1 cooperate during sclerotome development, we have analyzed double mutants. Double heterozygous Mfh1-and Pax1-deficient mice were healthy and fertile, and the vertebral columns were not affected. Double heterozygotes were intercrossed to generate double homozygotes. The frequency of homozygous Mfh1/Pax1 double mutants recovered perinatally was only appropriately half of the expected (Table 1) . Since the frequency of these mutants was not significantly reduced up to 11.5 dpc (5.4%), the subsequent loss of double homozygotes might be due to abnormal aortic arch formation caused by the loss of MFH1 function, which results in embryonic death around 12.5 dpc in half of the Mfh1 mutant embryos (T.F. and H.K., unpublished results; Iida et al., 1997) . The frequency of Mfh1 Ϫ/Ϫ mice (20%) in the present study was slightly increased compared to the report by Iida et al. (16%) , which could be due to differences in the genetic backgrounds caused by introducing the Pax1 mutation.
Visual inspection of Mfh1/Pax1 double homozygous mutant 18.5-dpc fetuses revealed that the craniocaudal length was around two-thirds of the wild-type littermates and the caudal region was strongly shortened. In addition, a subcutaneous myelomeningocoele was found in all Mfh1/Pax1 double mutants at the thoracolumbar border, a phenotype never observed in either single mutant (Figs. 3A and 3B ). Skeletal malformations of the axial skeleton in Mfh1/Pax1 double-mutant mice were clearly much stronger than in either single mutant (Figs. 3C, 3D , 3E, and 3F). In Mfh1 single mutants, the ossification centers of vertebral bodies were absent in the cervical region and were irregularly formed in the thoracolumbar region (Figs. 3D, 3H , 3L, 3P, 4B, 4F, 4J, 4N, and 4R). The dorsal portion of the neural arch was affected in the atlas and thoracic vertebrae (Figs. 3L and 4B; Iida et al., 1997; Winnier et al., 1997) . The ribs were normal except for occasional fusions of the proximal parts ( Fig. 3P ; Iida et al., 1997; Winnier et al., 1997) . In Pax1 mutants, the ossification centers of vertebral bodies were absent in the cervical region and split in the thoracic, lumbar, and sacral regions, and the proximal region of the 13th rib was lacking (Figs. 3E, 3I , 3M, 3Q, 4C, 4G, 4K, 4O and 4S). The vertebral columns of Mfh1/Pax1 double mutants were much shorter than those of either single mutant, suggesting that the craniocaudal length of the vertebrae was reduced (Fig. 3F) . Ventral as well as dorsal structures of the vertebrae were lacking or strongly reduced in the vertebral 24 Furumoto et al. column of Mfh1/Pax1 double mutants (Fig. 3F, 3J, 3N, 3R,  4D, 4H, 4L, 4P, and 4T) , and only the pedicles of the neural arches were less severely affected (Figs. 4L, 4P , and 4T). Extensive fusions of deformed vertebrae were observed in the cervical, thoracic, and lumbar regions. In most cases, the ribs failed to articulate with the vertebral bodies and the proximal ribs were occasionally fused (Figs. 3F, 3R , and 4P). Synergistic effects on development of the scapula or neurocranium were not seen in Mfh1/Pax1 double mutants although Mfh1 and Pax1 expressions overlap in these regions (Deutsch et al., 1988; Timmons et al., 1994; Winnier et al., 1997; Iida et al., 1997) .
The defects of axial structures in Mfh1/Pax1 double mutants were further investigated histologically in 15.5-dpc fetuses. In Mfh1 and Pax1 single mutants, vertebral bodies were poorly developed and occasionally split, and the annuli fibrosi were not generated normally at all examined axial levels. Impaired neural arch formation or back muscle development was not prominent (Figs. 5A , 5B, 5C, 5E, 5F, 5G, 5I, 5J, and 5K). In Mfh1/Pax1 double mutants, the cartilaginous primordia of ventral and dorsal structures of vertebrae were not generated (Figs. 5D, 5H , and 5L). The subdermal connective tissue was expanded compared to single mutants but no brown adipose tissue was apparent. In the cervical region, the connective tissue surrounding the back musculature failed to fuse at the dorsal midline and concomitantly the medial portions of back musculature were not generated normally (Fig. 5D ). In the lumbar region, the presumptive subarachinoid cavity was significantly narrower than in single mutants, and the neural tissue extruded dorsally leading to subcutaneous myelomeningocoele (Fig. 5L) .
Reduction of Sclerotome Cells in Mfh1/Pax1 Double Mutants
Early defects of vertebral column development were investigated histologically. In 9.0-dpc double-mutant embryos, deepithelialization of somites was not affected (Figs. 6A and  6F ). In the prospective cervical region of double mutants at 9.5 dpc, the expansion of the sclerotome was significantly impaired and the dorsal aorta and dorsal tips of the dermomyotome were shifted dorsally. The neural tube was deformed by dorsoventral compression, presumably due to imbalanced proliferation in the sclerotome and neural tube (Figs. 6B and  6G ). In the prospective cervicothoracic region of Mfh1/Pax1 double-mutant 10.5-dpc embryos, the reduction of sclerotome cells and the deformations of the neural tube were more prominent (Figs. 6C and 6H) . The dorsal mass of sclerotome cells surrounding the dorsal root ganglion was strongly reduced in double mutants. The dermomyotome was relatively enlarged compared to the sclerotome and shifted dorsomedially. At 11.5 dpc, the accumulation of sclerotome cells around the notochord was impaired in Mfh1/Pax1 double mutant (Figs. 6D, 6E , 6I, and 6J). Early differentiation of the somitic mesoderm in Mfh1/Pax1 double-mutant 9.5-dpc embryos was investigated by in situ hybridization analysis using Mf1, myogenin, Pax3, and Pax9 probes. Mf1 was expressed strongly in the entire sclerotome and weakly in the dermomyotome both in the wild-type and in the double-mutant embryos (Figs. 7A, 7E , 7I, and 7M). Myogenin expression indicated the normal differentiation of myotome cells in double mutants (Figs. 7B, 7F , 7J, and 7N). Pax3 expression was found in the dorsal neural tube and to the dermomyotome in double mutants, similar to wild-type embryos (Figs. 7C, 7G, 7K, and 7O). Pax9 expression in the ventral moiety of the sclerotome was not affected in double mutants (Figs.  7D, 7H, 7L, and 7P ). These results demonstrate that the differentiation of somites into sclerotome, myotome, and dermatome occurs in Mfh1/Pax1 double mutants, indicating that the MFH1 or PAX1 gene products are not essential for sclerotome formation per se and suggesting that the axial skeletal defects seen in Mfh1/Pax1 double mutants are due to insufficient expansion of sclerotome cells. apoptotic cell death or a decrease of cell proliferation, these possibilities were examined. We first compared the proportions of sclerotome cells undergoing apoptosis in wild-type and Mfh1/Pax1 double-mutant 10.5-and 11.5-dpc embryos by TUNEL labeling. A few apoptotic cells were observed in the perichordal region and ventrolateral regions of the sclerotome. However, no significant differences were seen between wild type and Mfh1/Pax1 double mutants (T.F., T.A., and H.K., unpublished result).
Synergistic Reduction of Mitotic Cells in
The proportion of mitotic sclerotome cells in the prospective thoracic region of wild-type and Mfh1, Pax1, and Mfh1/Pax1 double-mutant 11.5-dpc embryos was compared after labeling cells in S phase with BrdU. This analysis revealed a marked reduction of proliferating cells in Mfh1/ Pax1 double-mutant embryos (Figs. 8A, 8B, and 8C) . In wild-type embryos, the Mfh1-and Pax1-coexpressing ventrolateral region of the sclerotome was mitotically very active, with about 70% of cells being labeled by BrdU, whereas sclerotome cells giving rise to the prospective neural arch and perichordal tube were less mitotically active (Figs. 8A, 8B, and 8C). We could not detect a significant difference in BrdU incorporation between the cranial and the caudal moieties of the ventral sclerotome at 11.5 dpc (T.F. and H.K., unpublished result). Intriguingly, the most mitotic subpopulation of the sclerotome was significantly reduced in Mfh1 and Pax1 single mutants and in Mfh1/Pax1 double mutants, while the mitotic activity in the prospective neural arch and perichordal tube was not affected (Figs. 8A, 8B , and 8C). Cell proliferation in the ventrolateral region of the sclerotome was more severely affected in Mfh1/Pax1 double mutants than in either of the single mutants, correlating the severity of the axial skeleton defects with the mitotic activity of sclerotome cells. Thus, the MFH1 and PAX1 proteins appear to cooperatively maintain the mitotic activity of sclerotome cells. Since sclerotome development was already affected in 10.5-dpc Mfh1/Pax1 double-mutant embryos, we have investigated the frequency of mitotic cells in 9.5-and 10.5-dpc embryos. In 9.5-dpc embryos, we could not find a significant difference between wild type and double mutants (T.F. and H.K., unpublished result). In day 10.5 embryos, BrdU incorporation was slightly, however, significantly, reduced in the ventral but not in the dorsal region of the sclerotome in Mfh1 and Pax1 single as well as double mutants (Fig. 8D) .
DISCUSSION
MFH1 and PAX1 as Mediators for SHH-Dependent Proliferation of the Sclerotome
The expression pattern of Mfh1 in homozygous Sd embryos suggests that the induction of Mfh1 expression in the presomitic mesoderm either requires only weak notochordal signals or is independent of such signals, while the maintenance of Mfh1 expression in the somitic mesoderm depends on signals from the notochord. Grafting an additional notochord or a cell pellet expressing SHH in avian embryos induces ectopic expression of Mfh1 in the paraxial mesoderm. Thus, both Mfh1 and Pax1 appear to be downstream effectors of SHH in the somitic mesoderm. However, the sclerotomal Mfh1 expression domain is much wider than the Pax1 domain. Since Pax1 expression appears to be repressed by bone morphogenetic proteins (BMP), particularly by BMP-4 derived from the dorsal neural tube or the lateral plate mesoderm (Pourquié et al., 1996; Monsoro-Burq et al., 1996; Watanabe et al., 1998) , the wider expression domain could indicate that Mfh1 expression is less sensitive to signals counteracting SHH. SHH emanating from the notochord is a diffusible factor essential for axial skeleton development by establishing the dorsoventral axis of the somitic mesoderm and by promoting cell cycle progression and preventing apoptosis of the medial moiety of the somitic mesoderm (Fan et al., 1994; Chiang et al., 1996; Teillet et al., 1998) . Since the proliferation of sclerotome cells is more severely affected in Mfh1/Pax1 double mutants than in either single mutant, and MFH1 and PAX1 are present in the same cells in the sclerotome, MFH1 and PAX1 are likely to act cooperatively and mediate SHH-dependent sclerotomal cell proliferation (Winnier et al., 1997) . This idea is supported by the observations that exclusively axial structures derived from the medial portion of the somites are affected in shh and Mfh1/Pax1 double mutants, while structures derived from the lateral portions including the distal parts of the ribs are unaffected (Chiang et al., 1996) . In contrast, neither MFH1 nor PAX1 appears to be required for sclerotome formation per se or for the prevention of cell death in the somitic mesoderm. Thus, other molecules induced by SHH such as PAX9 or MF2 might be responsible for sclerotome formation or for the prevention of apoptosis, or they might compensate for PAX1 or MFH1 functions in these processes (Neubü sser et al., 1996; Wu et al., 1998) .
Cellular Basis for the Interaction between Mfh1 and Pax1 Mutations
The subtle spina bifida observed in the cervical and thoracic regions of Mfh1 mutants is significantly enhanced by the Pax1 mutation although Pax1 itself is not expressed in the dorsal region of the sclerotome and is not required for the neural arch development Dietrich et al., 1995; Winnier et al., 1997; Iida et al., 1997) . The formation of ventral structures of the vertebral column is also much more severely affected in Mfh1/Pax1 double mutants, and extensive fusions of the vertebrae are seen in double mutants but not in either of the single mutants. Thus, the Mfh1 and Pax1 mutations appear to affect axial skeleton development synergistically rather than additively.
Since a sufficient density of precursor cells in the blastema is known to be necessary for cartilaginous condensation (Hall and Miyake, 1992) , the extreme spina bifida in Mfh1/Pax1 double mutants may result from an insufficient accumulation of mesenchymal cells in the dorsal region of the sclerotome. The impaired expansion of the sclerotome in 9.5-, 10.5-, and 11.5-dpc Mfh1/Pax1 double-mutant embryos supports this argument. Thus, the insufficient allocation of sclerotome cells in the dorsomedial region of the sclerotome could be the basis for the novel synergistic phenotype in Mfh1/Pax1 double mutants.
Alternatively, since interactions between the surface ectoderm, neural tube, and mesenchymal cells are essential for cartilage differentiation in the dorsal region of the neural arch (Takahashi et al., 1992; Monsoro-Burq et al., 1996) , the responsiveness of sclerotomal cells to inductive signals required for neural arch formation could be synergistically reduced by the Mfh1 and Pax1 mutations. This possibility is supported by observations by Winnier et al. (1997) that chondrogenic differentiation of somitic mesoderm could not be stimulated by transforming growth factor-␤ or fibroblast growth factor in Mfh1 mutants. The profound genetic interaction between the Pax1 mutation and Patch, which deletes the PDGF-receptor ␣ chain, results in extreme spina bifida and suggests the involvement of the Pax1 gene product in mediating PDGF signals during the neural arch development (Helwig et al., 1995) .
The formation of ventral structures of the vertebral column is also much more severely affected in Mfh1/Pax1 double mutants than in either single mutant. The accumulation of sclerotome cells around the notochord generating the perichordal tube is an essential prerequisite for the formation of the cartilaginous condensations of the vertebral bodies and is impaired in a series of Pax1 mutant alleles, in Mfh1 mutants, and more strongly in double mutants Dietrich et al., 1995; Winnier et al., 1997; Iida et al., 1997) . Defects of proliferation or migration of sclerotome cells toward the notochord might be synergistically enhanced in Mfh1/Pax1 double mutants.
Etiology and Pathogenesis of the Subcutaneous Myelomeningocoele
The interaction between Mfh1 and Pax1 leads to extreme spina bifida associated with subcutaneous myelomeningocoele in the thoracolumbar transition. Since neural tube closure and the proliferation of neural cells in the mantle layer are not affected in Mfh1/Pax1 double mutants, and neither Mfh1 nor Pax1 is expressed in the developing neural tube, neural tube development per se is unlikely be disturbed in double mutants. Therefore it is possible that imbalances in the proliferation rates in the sclerotome and neural tube cause the extrusion of the neural tube and result in the subcutaneous myelomeningocoele. In clinical observations, myelomeningocoele is frequently associated with defects in the ventral region, radiologically termed hemivertebrae and block vertebrae (Roth, 1971) , which are also characteristic for Mfh1 single and Mfh1/Pax1 double mutants. Since similar defects of the vertebral column are observed in mice lacking Gli2 and Gli3, other likely mediators of SHH signals, the genetic cascade downstream of SHH involving Mfh1, Pax1, Gli2, or Gli3 could be impaired by environmental and/or genetic factors during the pathogenesis of subcutaneous myelomeningocoele (Mo et al., 1997) .
